Sera from (i) gnotobiotic BALB/c, CD-1, and CFW mice and (ii) conventional BALB/c mice were evaluated by radioimmunoassay, radioimmunoprecipitation, and plaque reduction neutralization, using the Wa, SA-11, and WC-3 (bovine) strains of rotavirus as the detecting antigens. The gnotobiotic mice had no antirotavirus antibody detectable by radioimmunoprecipitation and no neutralizing antibody at a dilution of 1:50 by plaque reduction neutralization. All sera from the conventional mice had rotavirus-specific antibodies detected by radioimmunoassay and by radioimmunoprecipitation at serum dilutions of 1:50 and 1:10,000, respectively. The antibodies were directed against viral proteins p116, p94, p88, and p84 of all three viruses, but had no neutralizing activity against heterologous rotaviruses at a dilution of 1:50. Conventional seropositive mice were parenterally immunized with the Wa, SA-11, or WC-3 strain of rotavirus. An approximate 100-fold increase in rotavirus-specific antibodies was detected by radioimmunoassay, and >20-fold selective neutralization of the immunizing strain of virus was observed. Sera from the mice immunized with Wa virus had antibodies directed against inner and outer capsid proteins of all three rotaviruses. The mouse can be a useful model for studying the immune response to heterologous rotavirus infection; preexisting antibodies presumably directed towards murine rotavirus do not prevent the development of a type-specific immune response to a nonmurine rotavirus.
Rotaviruses have been shown to be the single most important group of etiological agents of acute gastroenteritis requiring hospitalization of infants and young children, both in the United States and in developing countries (3, 4, 13, 29) . The worldwide impact of these viruses has excited interest in disease prevention via the development of a vaccine (14, 15) . The development of a successful vaccine will be facilitated by defining the immune response necessary for protection against challenge. Some light has been shed on the nature of the protein(s) responsible for evoking type-specific neutralizing antibodies by antisera prepared against purified viral antigens (1, 16, 24) . However, numerous investigators have shown that convalescent antisera obtained from either animals or humans can neutralize rotaviruses isolated from heterologous species (5, 8, 25, 31, 37, 39, 43) . This fact implies that a heterotypic rotavirus may be used as a candidate vaccine strain.
In both animals and humans, the prevalence of rotavirus-specific antibodies is extensive (10, 18, 20, 27, 30, 36, (41) (42) (43) . Therefore, for the study of the immune response to rotaviruses, it has been difficult to identify an experimental animal model without preexisting rotavirus-specific antibodies. In the numerous studies of the immunization of animals with heterologous rotavirus antigens, the effect of these preexisting antibodies on the specificity of the immune response has not been elucidated. chloride) and extracted twice with 1,1,3-trifluorotrichloroethane. The aqueous phase from this extraction was combined with the supernatant fluid from the initial clarification and centrifuged at 5°C for 2 h at 125,000 x g. The pellets were suspended in TNC buffer, mixed with CsCl at an initial density of 1.36 g/cm3, and subjected to isopycnic centrifugation at 5°C for 18 h at 200,000 x g, using a type 50.1 rotor (Beckman). After centrifugation, the visible top and bottom viral bands were collected after bottom puncture of the tubes, suspended in TNC buffer, and pelleted at 5°C for 2 h at 250,000 x g. The pellets were suspended in TNC buffer, divided into 10-p.1 portions, and stored at -70°C. To estimate the quantity of rotavirus purified, the absorbance of the final suspension was measured. It was assumed that the specific absorbance was equal to that of reovirus (5.1 absorbance U at 260 nm/mg per ml of virus) (35) .
Viral infectivity plaque assay. Viral infectivity was assayed by plaque formation in six-well plastic tissue culture plates (Flow) containing confluent monolayers of MA-104 cells. After the growth medium was removed, each well was washed twice with PBS. Each well was inoculated with 0.1 ml of a serial 10-fold dilution of the virus. After an adsorption period of 30 min at 37°C, 2.5 ml of overlay medium, consisting of 0.5% purified agar (Agarose; Seakem) and 13 ,ug of trypsin per ml in Eagle minimal essential medium, was added. The cultures were placed in a humidified incubator for 4 days at 37°C in 5% CO2. A second overlay medium, containing 0.5% purified agar and 0.03% neutral red in Earle balanced salt solution, was then added, and the plaques were counted approximately 5 h later.
PRN assay. The plaque reduction neutralization (PRN) assay was a modification of the technique described previously by Matsuno et al. (25) . A virus suspension containing 500 PFU of Wa, SA-11, or WC-3 rotavirus per ml was mixed with an equal volume of serial fivefold dilutions of serum (heat treated at 56°C for 30 min). The serum-virus mixture was incubated in a water bath at 37°C for 30 min. The serum-virus mixture (0.2 ml) was then inoculated onto confluent monolayers of MA-104 cells in six-well plates and incubated for 30 min at 37°C. The plates were again washed twice with PBS, and the addition of the overlay medium and counting of viral plaques were performed as described above.
RIA. A 100-ng amount of purified Wa virus in sodium carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3) was added to individual wells of roundbottomed 96-well polyvinyl plates (Costar) and kept at room temperature overnight. Each well was then treated with 1% bovine serum albumin in PBS. Serum samples were diluted in 0.1% bovine serum albumin in PBS and incubated with viral immunoadsorbent for 90 min at room temperature. Serum controls were performed by adding each serum dilution to wells without immunoadsorbent. The wells were then washed with PBS and incubated for 90 min with 1251I-labeled rabbit anti-mouse F(ab')2. After a final washing procedure, the wells were separated from the plate and assayed for radioactivity in a gamma radiation counter. Electrophoresis was performed at 30 mA per gel. Molecular weight standards prepared as described above (Bio-Rad Laboratories, Richmond, Calif.) were detected by staining with silver nitrate as described by Merril et al. (28) . Fluorograms were prepared as described by Laskey and Mills (17) .
RESULTS

35S-labeling of rotavirus polypeptides for RIP.
35S-labeled Wa, SA-11, and WC-3 polypeptides were produced in MA-104 cells. Figure 1 shows the SDS-polyacrylamide gel electrophoresis patterns of the virus-specified proteins as determined by comparison with a mock-infected control lysate. To determine whether virus-specified proteins were nonstructural or were located on the inner capsid or outer capsid of the virion, we compared our protein electropherograms with those of previous investigators (6, 22) . The molecular weights of virus-specified proteins were determined by comparison with proteins of known molecular weight (Bio-Rad) ( Table 1 ). Slight differences in molecular weights are found among homologous viral proteins of rotavirus strains.
Analysis of sera from conventional and gnotobiotic mice. (i) RIA. Rotavirus-binding antibody was detected in the sera of 25 conventional BALB/c mice at a dilution of 1:50 and was greater than twice the value shown in the sera of 16 gnotobiotic BALB/c, CD-1, and CFW mice tested at the same dilution ( Fig. 2A) . No significant differences were found in the levels of apparently low nonspecific radioimmunoassay (RIA) reactivity in different strains of gnotobiotic mice.
(ii) RIP. All conventional BALB/c mice obtained from commercial laboratories were found by RIP to have rotavirus-specific antibodies directed against structural proteins p94, p88, p84, and p41 at dilutions of 1:100 and 1:10,000, using 35S-labeled Wa, SA-11, or WC-3 viral polypeptides (Fig. 3) Analysis of sera from parenterally immunized conventional mice. (i) RIA. A total of 18 BALB/c mice were immunized with either Wa, SA-11, or WC-3 rotavirus. Pre-and post-immunization sera were tested by RIA (Fig. 2B) . Post-immunization an approximately 100-fold increase in rotavirus-specific antibody titers above preimmunization levels was found. No significant differences in antibody titers among mice immunized with Wa, SA-11, or WC-3 rotavirus were found.
(ii) RIP. Sera from mice immunized with Wa rotavirus were tested by RIP, using 35S-labeled Wa, SA-11, or WC-3 viral polypeptides. Typical results are shown in Fig. 4 . Sera from animals immunized with Wa virus had antibodies directed against proteins which comprise the inner and outer capsid layers of Wa, SA-11, and WC-3 viruses. Our difficulty in precipitating the polypeptide with a molecular weight of 116,000 (I1) by RIP using sera from animals parenterally immunized with rotavirus has been experienced by other investigators (6, 21) .
(iii) PRN. Three sera from each group of six mice immunized with either Wa, SA-11, or WC-3 virus were selected at random for testing by PRN (Table 2 ). Neutralization of the immunizing virus at serum dilutions of 1:3,000 or greater was shown by all of the sera tested, but neutralization of heterologous viruses was also sometimes found at dilutions approximately 20-fold lower.
DISCUSSION
All conventional 3-to 4-week old BALB/c mice tested from three commercial laboratories were shown to have detectable rotavirus-specific antibodies by both RIA and RIP. The RIP test was more sensitive than the RIA, with antibodies detected at a dilution of 1:10,000 by RIP as compared with a dilution of 1:50 by RIA. Rotavirus-specific antibodies were clearly absent in gnotobiotic murine sera tested by the same assays. The gnotobiotic BALB/c, CD-1, and CFW mice provide us with a consistently seronegative population of adult animals, a situation apparently difficult to maintain with BALB/c mice in commercial breeding laboratories.
The rotavirus-specific antibodies in the conventional mice presumably represent either previous exposure to murine rotavirus (epizootic diarrhea of infant mice) or antibodies passively acquired from a dam infected with this virus. Sheridan et al. (34) , using C57BL, CD-1, and CF-1 mice, have presented preliminary data, indicating that there is a positive correlation between the titers of circulating rotavirus-specific immunoglobulin G (IgG) in the dam and those in her litter as detected by enzyme-linked immunoadsorbent assay. The IgG appeared to be of colostral milk origin as decay of antibody occurred after weaning. (6, 22) .
In conventional mice immunized parenterally with Wa, SA-11, or WC-3 rotavirus, we were able to induce an immune response specific for rotavirus stains as determined by the selective neutralization of the immunizing strain by PRN. Numerous investigators have demonstrated this rotavirus type-specific immune response in conventional guinea pigs and rabbits obtained commercially (7-9, 11, 26, 32, 33, 39, 40, 44) . Our studies show that the same type-specific immune response can be achieved in mice in the presence of preexisting antibodies to shared determinants among murine and heterologous rotaviruses.
INFECT. IMMUN.
Sera from conventionally bred mice immunized with Wa virus had antibodies directed against the inner and outer capsid proteins of Wa virus, as well as against those of SA-11 and WC-3 virus by RIP. Studies of convalescent and random sera from humans, as well as from various animal species, have consistently shown neutralizing activity against heterologous rotaviruses (5, 8, 25, 31, 37, 39, 43) . However, to date, studies using polyclonal, monospecific, and monoclonal antibody preparations have not provided a clear-cut explanation of this phenomenon. One possible explanation for the interspecies neutralizing activity of convalescent antisera is that some degree of homology of the outer capsid protein(s) of rotaviruses responsible for evoking neutralizing antibodies exists. Kalica et al. (12) , in analyzing reassortants between the UK bovine and human strains of rotavirus, found that neutralizing specificity regularly segregated with the ninth RNA gene segment of the human rotavirus. Investigations using monospecific sera have shown that a high titer of type-specific neutralizing antibodies is evoked by immunizing guinea pigs with the major outer capsid glycoprotein (-p38) (1, 17, 24) . Using sera from immunized conventional mice, we have demonstrated some degree of homology among the outer capsid proteins (including outer capsid protein p38) of these three rotavirus strains. The evaluation of sera from gnotobiotic mice hyperimmunized with nonmurine rotavirus strains will determine whether these heterologous neutralizing antibodies are due to inherent cross-reactive domains on the 38-kilodalton protein among rotavirus strains or are secondary to previous exposure of the immunized mouse to murine rotavirus. The titration of the RIP activity of sera from mice hyperimmunized with different rotaviruses may clarify the relationship between cross-reactive neutralization by PRN and RIP-detected shared determinants among homologous outer capsid proteins. These studies are now in progress in our laboratory.
Using RIA, RIP and PRN, we have defined a seropositive population of conventional mice, as well as a seronegative population of gnotobiotic mice. Our studies of parenterally immunized conventional mice show that (i) structural polypeptides of the inner and outer capsids of the Wa, SA-11, and WC-3 rotavirus strains share antigenic determinants; and (ii) a type-specific immune response to a nonmurine rotavirus can be obtained despite the presence of preexisting antibodies presumably directed against murine rotavirus. The mouse can be a useful model for evaluating the immune response to rotaviruses from other species.
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